A high Ki-67 proliferation index (PI) in neoplastic cells is associated with poor survival in mantle cell lymphoma (MCL). We aimed to determine the cut-off values for the Ki-67 PI as a prognostic factor in MCL according to bone marrow findings.
INTRODUCTION
Mantle cell lymphoma (MCL) is a B-cell non-Hodgkin's lymphoma characterized by the t(11;14)(q13,q32) translocation and over-expression of the cell cycle regulator protein, cyclin D1 [1] . The majority of patients present with advanced Ann Arbor stage III or IV, accompanied by peripheral blood and/or bone marrow involvement at diagnosis [2] .
The clinical outcomes of MCL are highly heterogeneous, but, in general, MCL is considered an aggressive neoplasm; it has the poorest long-term survival rate of several mature B-cell lymphoma subtypes including marginal zone lymphoma, follicular lymphoma, and diffuse large B cell lymphoma [3] . Despite the development of treatment strategies, such as anti-CD20 monoclonal antibody therapy and hematopoietic stem cell transplantation, the prognosis for patients with MCL remains poor [2] . The median overall survival is 3-4 years [4, 5] .
Previous studies have reported that a high Ki-67 proliferation index (PI) in neoplastic cells is associated with poor survival in patients with MCL [6] [7] [8] [9] . A number of studies have proposed a particular Ki-67 PI cut-off value as an independent prognostic marker in MCL. However, those studies did not investigate this cut-off in terms of bone marrow involvement of MCL [6] [7] [8] [9] . Since MCL frequently presents with bone marrow involvement at diagnosis, it is necessary to also evaluate the clinical outcome according to the bone marrow findings.
In the present study, we aimed to determine the cut-off values of the Ki-67 PI as a prognostic factor in patients with MCL based on bone marrow findings.
MATERIALS AND METHODS

Study population
We retrospectively reviewed the electronic medical records of patients who were diagnosed with MCL between 1995 and 2012 at Asan Medcal Center. 
Immunohistochemistry
Immunohistochemical (IHC) staining for Ki-67 (Zymed Laboratories Inc., San Francisco, CA, USA) was performed on formalin-fixed paraffin-embedded tissue biopsy samples (N=56). The Ki-67 PI was calculated as the percentage of Ki-67-positive tumor cells identified in consecutive IHC staining assays for cyclin D1 in a representative area of the tissue biopsy specimen. Two experienced expert pathologists estimated the Ki-67 PI independently. If there was a difference in opinion, the Ki-67 PI was determined after discussion. There were no significant differences in the interpretation of the Ki-67 PI between the two pathologists. In patients with leukemic manifestation of MCL, additional Ki-67 IHC staining using bone marrow specimens (N=16) was performed.
Statistics
To determine the cut-off value for the Ki-67 PI index, patients were grouped based on Ki-67 PI values (cut-off points: 10%, 20%, 30%, and 40%) and the associated survival rates were analyzed. The prognostic relevance of several ; LDH, 250 IU/L). Clinical outcomes were compared using relative hazard ratios. Overall survival was calculated from the day of the initial diagnosis to death from any other cause or the last follow-up date. The chisquare test or Fisher's exact test was used for analysis of categorical data. The Mann-Whitney U test was used for analysis of continuous data. The Kaplan-Meier method and the log-rank test were used for survival curve analysis. Patients who had bone marrow involvement of MCL were analyzed separately.
Potential Ki-67 IHC staining correlations between the tissue and bone marrow biopsies were analyzed using Spearman's rank correlation analysis. Clinical data were analyzed using SPSS for Windows version 13.0 (SPSS, Chicago, IL). P ＜0.05 was considered statistically significant.
RESULTS
Patient demographics are summarized in Table 1 . The median patient age was 63 years (range, 37-82 yr) and the male to female ratio was 2.3:1. The median follow-up period was 12.7 months (range, 0.4-76.2 mo).
Thirty-nine (69.6%) of the 56 patients showed bone marrow involvement of MCL, and 21 of these patients had leukemic manifestation at the time of diagnosis. The results of the Ki-67 IHC staining were as follows: ＜10% for 22 patients, 11-20% for 14 patients, 21-30% for 3 patients, 31-40% for 4 patients, 41-50% for 4 patients, and ＞50% for 9 patients. The IHC staining results for cyclin D1 were positive in 50 (89.3%) patients. Conventional cytogenetic analyses, performed in 51 patients, revealed a chromosomal abnormality in 6 (10.7%) patients who displayed t(11;14)(q13;q32). In total, 4 of the 56 patients showed a complex karyotype without t(11;14)(q13;q32).
There was no association between clinical outcomes and age, gender, WBC count, LDH level, or bone marrow findings of MCL (Table 2 ). However, we observed a significant difference in overall survival according to the Ki-67 PI. Specifically, a high Ki-67 PI was associated with poor prognosis. Additionally, blastoid variants of MCL displayed a higher median Ki-67 PI (50% vs. 15%, P =0.003) and were associated with a poorer prognosis (15.6 mo vs. 64.9 mo, P =0.006) than classical MCL.
To determine the prognostic cut-off point for the Ki-67 PI, patients were divided into 2 groups according to Ki-67 PI cut-off values (Tables 3 and 4) . At a cut-off value of 20%, significantly different survival curves with mean survival times of 69.8 months (Ki-67 PI≤20%) and 47.9 months (Ki-67 PI＞20%) were obtained, regardless of bone marrow findings (P=0.034, Fig. 1A) . However, for patients with bone marrow involvement of MCL, the statistically significant Ki-67 PI cut-off level increased to 30% (P =0.033, Fig. 1B ).
An additional 16 bone marrow specimens were subjected to IHC. The IHC results revealed a positive correlation between Ki-67 staining patterns and tissue biopsy findings (Spearman's rank correlation coefficient of 0.559, P =0.024, Fig. 2 ). In particular, a good correlation was observed between a tissue biopsy Ki-67 PI ＜30% and the bone marrow biopsy results.
DISCUSSION
MCL is associated with rapid progression and high recurrence rates, resulting in poor long-term outcomes [1] . Several attempts have been made to subdivide patients into different risk groups; distinct results have been obtained with various factors, including age, gender, B symptoms, splenomegaly, hemoglobin levels, WBC counts, and LDH levels [1, 6, [10] [11] [12] . In the present study, age, gender, WBC count, LDH level, and bone marrow involvement of MCL were not associated with prognosis of MCL. However, the blastoid variant of MCL was associated with significantly poorer clinical outcomes than the classical variant. This is consistent with previous studies that showed that overall survival rates decreased in cases with prominent blastoid morphologies [6, 13] .
The most well-defined prognostic factors are the PI and the MCL International Prognostic Index (MIPI) [14] . In addition, a simplified MIPI and a biological MIPI have been reported [15] . Some researchers have suggested that the MIPI and the simplified MIPI may be associated with prognosis in MCL [14, 15] , whereas others have reported no differences in survival after R-Hyper-CVAD therapy [16] . In the present study, Eastern Cooperative Oncology Group (ECOG) performance status data was not available for many patients at the time of the initial MCL diagnosis. Therefore, survival analysis according to the MIPI could not be performed.
To date, several studies have reported an association between a high Ki-67 PI and poor prognosis in MCL; in these studies, the cut-off values for the Ki-67 PI varied from 10% to 60% [6, 7, 9, [17] [18] [19] [20] . The significance of the Ki-67 PI as a prognostic predictor in patients with MCL was investigated in a systematic meta-analysis study [21] . Combining the Ki-67 PI and the MIPI provided additional discriminatory power in the risk stratification of patients with MCL [15, 22] . Recently, a large cohort study from the European MCL Network also found that the Ki-67 PI was an independent prognostic factor in patients with MCL, and that it was superior to cytology and growth patterns [23] . Our results showed that a cut-off value of 20% for the Ki-67 PI was clinically meaningful, irrespective of bone marrow involvement in MCL. In a separate analysis in patients with bone marrow involvement, the statistically significant cut-off value increased to 30%. This increase in the cut-off value may be related to the more aggressive treatment administered to patients with bone marrow involvement, but further investigation is needed to confirm this finding.
In clinical laboratories, the manual cell counting method is generally used to interpret Ki-67 IHC results. Direct counting of 1,000 lymphoma cells has been considered the gold standard for assessing the Ki-67 PI in prospective randomized trials carried out by the European MCL Network [24] . However, this method of determination is subjective, and inter-observer variations are possible in the interpretation of data [25] . Recently, a more objective measurement technique for the Ki-67 PI was introduced. Schafell et al. used an image analysis system to interpret the Ki-67 IHC staining, thereby reducing inter-observer variation [25] . Brizova et al. [26] proposed the precise quantitative measurement of mRNA using real-time reverse transcription-polymerase chain reaction to determine the Ki-67 PI. However, these methods are not yet available in most clinical laboratories, and more objective measurement techniques for determination of the Ki-67 PI are necessary to effectively predict the prognosis of MCL.
Additional IHC staining for Ki-67 on bone marrow specimens revealed a significant positive correlation with the tissue biopsy results. Traditionally, lymphoma is diagnosed on the basis of excision or needle biopsy of tissue from affected lymph nodes or organs. However, in clinical practice, if a tissue biopsy is not possible, a bone marrow study is helpful for the diagnosis of lymphoma. In our study, IHC staining for Ki-67 in a representative area on bone marrow specimens was sufficiently informative to determine prognosis in leukemic manifestations of MCL. In particular, a good correlation with the results of the bone marrow biopsy was observed in tissue with a Ki-67 PI ＜30%. Therefore, Ki-67 IHC staining of bone marrow specimens may be employed to predict prognosis if a tissue biopsy is not available.
There are several limitations in this study. The small number of patients and the heterogeneous chemotherapy regimens, especially the inclusion or exclusion of rituximab, are major limitations in assessing the prognostic relevance of the Ki-67 PI in patients with MCL. In addition, the ECOG performance status which is a potential clinical prognostic indicator, as well as a component of the MIPI, could not be evaluated due to insufficient data. Large-scale and well-designed studies are needed to further elucidate the prognostic impact of the Ki-67 PI in patients with MCL.
In conclusion, the Ki-67 PI plays an important role in patients with MCL. Our results indicate that a 20% cut-off for the Ki-67 PI is clinically meaningful, regardless of bone marrow involvement of MCL. In addition, the statistically significant cut-off value increases to 30% in patients with bone marrow involvement of MCL.
